The MIT Faculty has made this article openly available. Please share how this access benefits you. Your story matters. Solar irradiation is a promising source of renewable energy, as the hourly incident solar flux on the surface of the earth is greater than annual global energy consumption 1 . Efficient harvesting of solar energy for steam generation is a key factor for a broad range of applications, from large-2 scale power generation, absorption chillers, and desalination systems to compact applications such as water purification for drinking, sterilization, and hygiene systems in remote areas where the only abundant energy source is the sun. Current methods of generating steam using solar energy rely on a surface or cavity to absorb the solar radiation, and transferring heat to the bulk liquid directly or via an intermediate carrier fluid, which require high optical concentration and suffer from high optical loss and surface heat loss [2][3] [4] , or vacuum to reduce convective heat loss under moderate optical concentration. The steam thus generated is usually in thermal equilibrium with the bulk liquid. Nanofluids---fluids seeded with nanoparticles---as another alternative have been studied [5] [6] [7] as volumetric absorbers, potentially minimizing the surface energy loss by uniform temperature in the fluid 6 and enhanced thermal conductivity of nanofluid 8, 9 . Local generation of steam in a cold bulk liquid can be achieved through high concentrations or illumination of nanofluids by electromagnetic waves (generally, lasers) with high power intensity [10] [11] [12] [13] [14] [15] [16] [17] [18] . Recently, Neumann et al. 7, 19 succeed in generation of steam in bulk water with Au nanoparticles (NPs) with the power of 10 . However, the solar-thermal conversion efficiency of the approach was still only 24%.
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High optical concentrations limit the utilization of these approaches in stand-alone compact solar systems. Furthermore, high optical concentrations add complexity and cost to the solar-thermal conversion system.
We report the development of a new approach and corresponding material structure that localizes the solar energy where evaporation occurs and minimizes the heat losses leading to enhanced solar-thermal efficiency at low optical concentration in open air while generating steam. As shown in Fig. 1a , under solar illumination, the developed structure forms a hot spot internally where evaporation occurs. The fluid wicks to the hot spot, evaporates and forms vapor which leaves the structure. This structure needs to have four main characteristics: high absorption in the solar spectrum, low thermal conductivity to suppress thermal conduction away from the hot internal region, hydrophilic surfaces to leverage capillary forces and promote fluid flow to the hot region, and interconnected pores for fluid flow to and from the structure.
Results
Material structure. For the first demonstration of this approach, we developed a double layer structure (DLS) consisting of a carbon foam layer supporting an exfoliated graphite layer ( 2 ).
Receiver efficiency. Solar absorption in the exfoliated graphite layer generates a hot region in the DLS. If fluid is constantly provided to this hot region, the evaporation rate reaches a steadystate condition. The experimental setup for measurement of evaporation rate (and therefore efficiency) is shown in (Supplementary Fig. 3 ). A test chamber is designed to assess performance of the DLS. This design is aimed to minimize 2-D and 3-D thermal losses. The thermal losses by the test chamber is simulated and discussed in ( Supplementary Fig. 4 ). The lab-scale size of the test chamber leads to a total of 6.5% parasitic losses, which can be avoided . This "dark" evaporation rate is subtracted from all the measured evaporation rates under the solar illumination to isolate the effect of solar irradiation on the evaporation rate. The DLS structure shows the highest evaporation rate and it is 2.1 and 2.4 times higher than pure water at 1 and 10 kWm -2 solar illumination, respectively.
To show the effect of the bottom layer of the DLS, if only exfoliated graphite (volumetric absorber) is utilized, the evaporation rate drops by 17% due to heat losses by conduction to the underlying water. The thermal efficiency ( is considered to assess the performance of DLS and is defined as , Fig. 2c . We emphasize that optical concentration losses are not considered in this analysis. Note that this level of optical concentration can be achieved by simple non-imaging optics with monthly adjustment without a tracking system, which reduce the overall cost of the system. We calculate the conduction losses to the underlying water as described in (Supplementary Fig. 6 and Supplementary Fig. 7 ). This loss at 10 kWm , the fraction of losses is ~35% (reflection~3%, conduction ~6%, surface radiation ~12%, test chamber parasitic losses ~14%). These losses are a decreasing function of solar irradiation, and the total loss drops to ~15% at 10 kw -2 . If the steam is generated with the DLS at higher concentrations, we expect that efficiencies of more than 90 % is achievable. Here, we focused on low optical concentration to reduce the complexity and cost of solar harvesting system.
As a comparison, we have prepared a highly absorbing nanofluid with carbon black NPs. The structures of NPs are shown in (Supplementary Fig. 8 ). The sample preparation method is given in (Supplementary Note 7) . The nanofluid has absorption of > 99% in the wavelength range of 250-2250 nm. We have measured the receiver efficiency of this absorber with the same procedure used for the DLS (Supplementary Fig. 9a ). The vapor generation rate by this type of receiver at solar irradiation of 10 kWm -2 is compared with the DLS in (Supplementary Fig. 9b ).
The nanofluid receiver leads to both lower vapor temperature (~80 The other important characteristic of the DLS is its hydrophilicity which promotes fluid flow to the surface. The capillary force in the exfoliated graphite layer enhances the evaporation rate of the fluid through several mechanisms: formation of thin films on the surface of graphite sheets 21 , enhanced surface area for evaporation 22 , and formation of three-phase contact lines at the edges of the capillaries 23, 24 . The graphite structure has hydrophobic surfaces as evidenced by the contact angle ( Supplementary Fig. 10a ). However, after exfoliation in a microwave and oxidization of its surface, the graphite surface becomes hydrophilic ( Supplementary Fig. 10b ).
The microstructure of graphite flakes before and after microwave exfoliation is presented in (Supplementary Fig. 11 ). In practice, while the hydrophobic graphite flake appears dry on the water surface (see Fig. 4a ), the hydrophilic graphite flake results in formation of a thin layer of water on the top surface (see Fig. 4b ). The hydrophillic flakes leverage the capillary force to channel the fluid flow to the hot region. The microstructure of carbon foam is shown in (Supplementary Fig. 12a ). The pores diameters are around 300-600 μm. Furthermore, the role of closed pores in floating the structure is highlighted in (Supplementary Fig. 12b ) by comparing it is mesured for the DLS experiments and compared to just exfoliated graphite and pure water cases, as shown in Fig. 5a . Note that the thermocouples are shielded to eliminate the effect of direct solar illumination in the pure water experiments. As shown, the temperature of the water 15 mm below the water surface with the DLS structure is half of that in the other cases. In the absence of the bottom insulating foam, the temperature exceeds that of the pure water case due to a hot spot created in the exfoliated graphite layer. The generated vapor temperature with the DLS is measured under a range of optical concentrations and is plotted in Furthermore, the performance of the DLS is compared with some reported state-of-the-art systems 25 (selective absorbers, nanofluids, and a type of volumetric absorber) and is presented in In conclusion, we have developed an approach and corresponding material structure, the DLS, which absorbs solar illumination, and confines the thermal energy (formation of hot spot) to near the structure surface while efficiently wicking the fluid to this hot spot. This structure yields a solar-thermal conversion efficiency of 85% at 10 kWm 
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Note that these pores are within each particle of the exfoliated graphite. The spacing between particles is on the order several hundred micrometer.
Supplementary Note 3| The experimental setup. The experimental setup is shown in (Supplementary Fig. 3 ). The setup is equipped with a solar simulator (Newport 94082A), power measuring system (including Newport thermopile detector (818P-040-55, 40W, 55 mm diameter) and Newport power meter (1918-c) ), a test chamber, balance, DAQ board, and data collection system.
The designed test chamber is shown in (Supplementary Fig. 3a) . The test chamber consists of two concentric acrylic tubes with inside diameters of 50 mm and 100 mm and height of 96 mm.
The gap between the tubes is filled with translucent hydrophobic aerogel particles (Cabot Lumira Fig. 3 ). The carbon foam is 12 mm thick, and has a thermal conductivity of 0. (Supplementary Fig. 4 ). The heat losses from the side walls and the top surface is shown in the figure. Due to lab-scale size of the test chamber, 6.5% of the parasitic losses are caused by the top surface (3%) and side walls (3.5%). Note that although thermal conductivity of the side walls (Acrylic+ Silica aerogel) is less than water, due to higher surface area of the walls, thermal losses of the side walls are more than the bottom surface. That is, the DLS promises higher values of receiver efficiency in large-scale 1-D structures.
Supplementary Note 5| Evaporation rate of pure water. The evaporation rates of water in a dark environment and under solar irradiation of 1 kWm -2 are measured at the same ambient temperature and humidity. The water evaporation rate in a dark environment is 74 kgm -2 hr -1
(only 15% of that under solar illumination of 1 kWm -2 ), (Supplementary Fig. 5 ). The evaporation rate in the dark condition is subtracted from all the measured data under the solar illumination.
The absorptance of pure water in the visible and infrared regime throughout the volume causes an enhanced evaporation compared to the dark environment. We conducted these measurements to exclude the role of ambient condition and humidity on our measurements. We note that in the literature this effect is neglected and the reported efficiencies include both solar irradiation and ambient condition effects.
Supplementary Note 6| Conduction losses. The conduction loss to the underlying water is calculated using the temperature gradient in the underlying water. Once the vapor temperature at the surface of the DLS reaches to a steady-state condition, the temperature gradient in the underlying water is measured. (Supplementary Fig. 6 ) shows the temperature vs. times at different locations in the underlying water (TC 1 is just below the DLS, and the interval between thermocouples are 10 mm) for optical concentrations of 3, 5, 7, and 9. These temperature gradients are used to calculate the heat conduction losses to the underlying liquid, (Supplementary Fig. 7 ).
Supplementary Note 7| Nanofluid based solar receiver. A nanofluid solution was prepared using carbon black NPs (Cabot, Vulcan 9) in a concentration of 0.5 wt% in deionized water. The solution was sonicated for one hour to make a uniform solution. The microstructure of the NPs is shown in (Supplementary Fig. 8 ). The particle diameters are in the range of 20-60 nm. We Fig. 9a ). The vapor generation rate as a function of time for this nanofluid receiver is compared with the DLS and shown in (Supplementary Fig. 9b ). As shown, the DLS shows higher performance than the current systems at low optical concentrations and offers a new approach for efficient solar-thermal harvesting.
